SUMMARY
INTRODUCTION
Ligand-induced downregulation of cell surface receptors represents a major mode of actions for the branch of signaling that leads to its elimination (1) . For example, Type I interferons (including IFNα and IFNβ), the cytokines that play a paramount role in antiviral defense (2) and elicit potent antiproliferative effects (3) , stimulate downregulation of the cell surface levels of their receptor (4, 5) . This receptor consists of IFNAR1 and IFNAR2 chains and functions via activation of associated Janus kinase (Tyk2 and Jak1) leading to activating tyrosine phosphorylation of the Signal Transducers and Activators of Transcription proteins (Stat1 and Stat2). In turn, these Stat proteins govern transcription of IFN-stimulated genes whose products mediate anti-viral, anti-proliferative, and immunomodulatory functions (reviewed in (6, 7) ). Early studies have reported that IFNAR1 is rapidly down regulated and degraded upon internalization in response to IFNα (8, 9) .
Mechanisms of ligand-induced degradation of IFNAR1 rely on IFNα/β-stimulated and Tyk2 catalytic activity-dependent phosphorylation of this receptor chain on Ser535/539 within a specific phospho-degron (10) (11) (12) . This phosphorylation enables the recognition of IFNAR1 by the β-Trcp2/HOS F-box protein, followed by the recruitment of the SCF β-Trcp E3 ubiquitin ligase (10, 11) . This ligase facilitates poly-ubiquitination of IFNAR1 on a specific cluster of lysines. Through a yet to be identified mechanism, this site-specific ubiquitination results in an exposure of a previously masked linear endocytic motif that enables the recruitment of the AP2 complex and ensuing internalization of IFNAR1 and of entire Type I IFN receptor (13, 14) . Ubiquitination of IFNAR1 was also shown to stimulate post-internalization sorting of this chain to the lysosomes for efficient proteolysis (13) .
Intriguingly, the mechanisms of ligandinduced receptor downregulation could be also utilized by other unrelated stimuli. As a result, a cell might be rendered refractory to a particular ligand even before this ligand has had a chance to initiate signaling. For example, we have recently described a basal ligand-and JAK-independent mechanism of Ser535 phosphorylation, ubiquitination, and degradation of IFNAR1. This relatively low efficacy mechanism contributes to an ability of cells to avoid the anti-proliferative effects of high levels of IFNAR1 expression (15) . Interestingly, this mechanism could be robustly induced by some ligandindependent stimuli including the products of tobacco smoking (16) and the inducers of unfolded protein responses (UPR) such as treatment with thapsigargin (TG) or forced overexpression of the receptor (15, 17) . Importantly, UPR is known to be induced by a rapid synthesis of viral proteins during infection with diverse viruses (18, 19) . Indeed, we have recently demonstrated that infection with vesicular stomatitis virus (VSV) or hepatitis C virus (HCV) promote Ser535 phosphorylation-dependent ubiquitination and downregulation of IFNAR1 in a manner that does not require JAK activity but relies on activation of pancreatic ER kinase (PERK) by UPR. Serendipitously for these viruses, these events enabled them to decrease the efficacy of IFNα/β signaling and to use this mechanism (along with numerous virusspecific means previously described in (20, 21) ) to avoid the IFN-induced anti-viral defenses (17) . Given that IFNα is used for treatment of chronic viral infections including hepatits C (22, 23) , identification of signaling pathways that mediate UPRstimulated IFNAR1 degradation is of obvious importance.
Casein kinase 1α (CK1α) was purified and characterized as a bona fide Ser535 IFNAR1 kinase that functioned within the ligandindependent pathway but was dispensable for IFNα-induced Ser535 phosphorylation (24) . Although TG-or virus-induced Ser535 phosphorylation and downregulation of IFNAR1 required CK1α activity, this kinase activity per se was not increased by UPR (24) suggesting that UPR signaling abets CK1α via another mechanism. Here we report that UPR stimulates phosphorylation of a yet another serine residue proximal to the phosphodegron of IFNAR1 that increases the efficacy of IFNAR1 degron phosphorylation by CK1α. We further demonstrate that this priming site plays an important role in ligand-and JAKindependent regulation of IFNAR1 ubiquitination and degradation as well as inThapsigargin (TG), cycloheximide (CHX), and methylamine HCl were purchased from Sigma. Human pCDNA3-Flag-IFNAR1 mammalian expression construct and retroviral pBABEpuro-based construct for expression of Flagtagged mouse IFNAR1 as well as GST-IFNAR1 bacterial expression vector were described previously (10) . Mutants lacking the priming sites (Ser532 in human IFNAR1 and Ser523 in mouse IFNAR1) were generated by site directed mutagenesis. Sequence of mutants was confirmed by dideoxy sequencing. Constructs for expression of human Myctagged CK1α (a kind gift from J. Wade Harper, Harvard University, Cambridge, MA) was described previously (25) . Vector for expression of Flag-Stat1 was kindly provided by J. Darnell (Rockefeller University, New York, NY). HA-tagged leishmania CK1 (L-CK1) pEF-BOS-based expression vector (wild type or kinase dead K40R mutant) was described elsewhere (24) . pLKO.1-puro (Sigma) vectorbased shRNA constructs targeted against PERK or irrelevant control were described previously (17) . Construct for bacterial expression of GST-CK1α (described in (26) ) was a kind gift from Jiandong Chen (H. Lee Moffitt Cancer Center, Tampa, FL). Construct for bacterial expression of constitutively active PERK (ΔN-PERK described in (27) ) as well as for mammalian expression of wild type or catalytically inactive PERK (K618R, (27)) were previously described. Human IFNα (Roche) and murine IFNβ (PBL) were purchased. 
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Antibodies and immunotechniques
Commercially available antibodies against pSTAT1, p-eIF2a, STAT1 (Cell Signaling), eIF2a (Biosources), hIFNAR1, (Santa Cruz), Flag (M2), β-actin (Sigma), mouse IFNAR1 (Leinco), and ubiquitin (clone FK2, Biomol) were purchased. Monoclonal antibodies against human IFNAR1 that were used for immunoprecipitation (EA12) or immunoblotting (GB8) were described in detail elsewhere (29) . Monoclonal 23H12 antibody against the M protein of VSV (VSV-M) was a generous give from D. S. Lyles (Wake Forest University School of Medicine, Winston-Salem, NC). Antibodies against IFNAR1 phosphorylated on Ser535 (11) and against PERK (17) were described previously. Polyclonal antibody against IFNAR1 phosphorylated on Ser532 (Ser523 in the mouse receptor) was raised in rabbits using synthetic mono phospho-peptide 4 EDHKKYSSQTpSQDSGNYSNEDE in collaboration with PhosphoSolutions Inc. (Golden, CO). Antibody was further affinity purified using mono-phosphopeptide affinity columns and tested for specificity by immunoblotting.
Immunoprecipitations, immunoblotting, in vivo ubiquitination assay using denaturing immunoprecipitation, and assessment of the kinetics of degradation of IFNAR1 by cycloheximide chase were carried out as described previously (10, 11, 13, 15, 17) .
Invitro kinase assay
Kinase assays were carried out as described in detail elsewhere (24) . Briefly, 2 µg of substrates (bacterially expressed and purified GST-IFNAR1, wild type, or S532A mutant) were incubated with 4 μg of lysate (from untreated or thapsigargin treated cells) that were cleared of CK1α (by immunodepletion) and 0.25 µg of bacterially produced GST-CK1α (where indicated) in kinase buffer (25 mM Tris HCl, pH 7.4, 10 mM MgCl2, 1 mM NaF, 1 mM NaVO 3 ) and ATP (1 mM). Where indicated, 100 µg of bacteriallyproduced ΔN-PERK or undepleted lysates from 293T cells were used as a source of kinase activity. Radiolabel was provided as 32 P-γ-ATP (1µCi, Amersham). The reactions were carried out at 30°C for 30 minutes shaking at 600 rpm on the tabletop incubator. Products were analyzed either by immunoblotting with phospho-specific antibodies or by autoradiography.
RESULTS
We sought to investigate how inducers of UPR promote phosphorylation-dependent ubiquitination and degradation of IFNAR1. Previous studies demonstrated that these signals feed into the ligand-independent pathway (15, 17) that utilizes CK1α, which directly phosphorylates Ser535 within the degron of IFNAR1 (24) . Given that constitutively high activity of CK1α was not further stimulated in cells treated with UPR inducers yet lysates from these cells augmented the ability of CK1α to phosphorylate Ser535 in vitro (24) we proposed that UPR signaling may lead to additional post-translational modification of IFNAR1 that improves its phosphorylation by CK1α on Ser535. Indeed, a large body of literature suggests that priming phosphorylation of a substrate at a Ser/Thr residue in the n-3 position may greatly increase its phosphorylation by various casein kinase 1 species (30-37). Analysis of primary sequences of IFNAR1 showed that a highly conserved Ser residue (Ser532 in human; Ser523 in mice) is located at this position, and may act as a priming phosphorylation site ( Figure 1A ).
Ligand-independent IFNAR1 phosphorylation, ubiquitination, and degradation is readily observed in cells that overexpress this receptor (15, 17) . We compared the stability of wild type Flag-IFNAR1 expressed in 293T cells with its mutant counterpart that lacks Ser532 using cycloheximide (CHX) chase assay. In this assay, levels of protein become indicative of its proteolytic turnover because they are assessed under conditions when protein synthesis in cells is inhibited for various times. Replacement of Ser at the putative priming site within IFNAR1 with Ala yielded a receptor chain that displayed a noticeably longer half life ( Figure 1B) . Furthermore, substation of this serine residue with a phospho-mimicking Asp produced IFNAR1 mutant protein that underwent a more robust turnover that its wild type counterpart ( Figure 1B ). This result indicates that priming phosphorylation might be important for regulating the rate of IFNAR1 proteolytic turnover.
We next determined whether the priming site contributes to CK1-mediated phosphorylation of the IFNAR1 degron on Ser535. In line with our previous observations (15, 17, 24) , forced expression of wild type Flag-IFNAR1 in 293T cells allowed us to observe the basal level of Ser535 phosphorylation, and co-expression of Myctagged CK1α further increased this phosphorylation. Under these conditions, Ser535 phosphorylation was not found in mutant IFNAR1 S532A ( Figure 2A ) although phosphorylation of another proximal serine mutant, Ser529A, remained unaffected (data not shown). This result could be explained neither by differences in the levels of Myc-CK1α expression (Figure 2A , lower panel) nor by the possibility that mutation in Ser532 might alter the recognition of the phosphoSer535 specific epitope by the antibody, since Ser535 phosphorylation of IFNAR1 S532A mutant was still observed in the cells treated with IFNα. These observations suggest that the priming site is indispensable for ligandindependent IFNAR1 degron phosphorylation but not when phosphorylation is induced by IFNα.
Similar to human CK1α, the leishmanial L-CK1 was also shown to promote phosphorylation of IFNAR1 on Ser535 upon expression in human or mouse cells (24) . In line with this report, expression of wild type HA-tagged L-CK1, but not of a kinase dead mutant of L-CK1, stimulated Ser535 phosphorylation of co-expressed Flag-IFNAR1 WT ( Figure  2B ). However, phosphorylation of Ser535 in the S532A mutant was not observed under these conditions ( Figure 2B ). Together these data further indicate that a priming phosphorylation might be required for ligand-independent CK1-mediated phosphorylation of the IFNAR1 degron.
To determine whether the putative priming site is phosphorylated in cells, we generated a polyclonal anti-pSer532 antibody (see Experimental Procedures). Flag-IFNAR1 proteins expressed in 293T cells were immunopurified and analyzed by immunoblotting using this antibody as well as the previously characterized anti-pS535 antibody (11) . The latter antibody recognized wild type receptor but neither the S535A mutant nor the S532A mutant, whereas S532D mutant exhibited an increased phosphorylation on Ser535 ( Figure 2C ). This result is consistent with data shown in Figure  2A . Importantly, the anti-pS532 antibody recognized both wild type and the S535A mutant (but not the S532A or S532D priming site mutants; Figure 2C ), indicating that overexpressed IFNAR1 undergoes phosphorylation on the putative priming site in cells.
We next tested whether this priming phosphorylation is directly mediated by CK1α or by another kinase that is induced by UPR. Incubation of recombinant CK1α with wild type GST-IFNAR1 substrate and ATP in vitro resulted in phosphorylation of Ser535 but not of Ser532 ( Figure 2D , lane 4). This result confirms the previously published suggestion that CK1α is a direct kinase for the IFNAR1 degron residue, Ser535 (24) but also indicates that phosphorylation of the putative priming site might be mediated by another kinase. Indeed phosphorylation of Ser532 was detected in CK1α-depleted lysates from cells treated thapsigargin (TG), an inducer of UPR.
Moreover, the extent of this phosphorylation was not changed when recombinant CK1α was added to this reaction ( Figure 2D , compare lanes 3 vs. 6).
Importantly, a combination of CK1α and lysates from TG-treated cells increased the efficacy of phosphorylation of Ser535 in a manner that depended on the integrity of Ser532 as seen from the reaction using the GST-IFNAR1 S532A mutant (lane 6 vs. 9). These results suggest that TG treatment induces activity of an unknown (yet different from CK1α) protein kinase that phosphorylates IFNAR1 on Ser532. Furthermore, this phosphorylation increases the efficacy of CK1α-mediated phosphorylation of Ser535 within the degron of IFNAR1, suggesting that Ser532 represents a bona fide priming site.
We next sought to investigate whether phosphorylation of the priming site may occur within the context of endogenous IFNAR1 in cells where UPR is induced. Treatment of HeLa cells with TG or infection of these cells with VSV led to phosphorylation of endogenous IFNAR1 on both Ser532 and Ser535 ( Figure 3A ). In line with previously published results (11) (12) (13) , treatment of cells with IFNα stimulated Ser535 phosphorylation.
However, priming phosphorylation on Ser532 in response to the ligand was not efficient ( Figure 3A ). This result, together with ligand-induced Ser535 phosphorylation of the IFNAR1 S532A mutant (Figure 2A ), suggests that IFNα-induced signaling is capable of promoting IFNAR1 degron phosphorylation in a manner that does not require priming phosphorylation. Furthermore, in human KR cells (which harbor catalytically inactive Tyk2 and were shown not to support IFNα-induced IFNAR1 phosphorylation, ubiquitination, and degradation (12, 15) ), the phosphorylation of the priming Ser532 site and of the degron Ser535 in response to TG was also detected ( Figure 3B ). Collectively, these results suggest that phosphorylation of the priming site occurs in a ligand-and Tyk2-independent manner and is dispensable for the ligandinduced pathway.
We have previously reported that induction of UPR promotes ubiquitination and degradation of endogenous or exogenously expressed wild type IFNAR1 in human cells (17) . Here we sought to determine the role of phosphorylation of the priming site in UPRinduced ubiquitination of IFNAR1. Treatment of cells with TG noticeably increased the extent of ubiquitination of wild type IFNAR1 but not of the S532A mutant ( Figure 3C ). Furthermore, this mutant was less sensitive to a decrease in the levels of IFNAR1 induced by TG ( Figure 3D ). These data suggest that priming phosphorylation of IFNAR1 plays an important role in its ubiquitination and downregulation of IFNAR1 in response to UPR induction.
UPR stimulates Ser535 phosphorylation of IFNAR1 and accelerates ubiquitination and degradation of this receptor in a manner that relies on PERK activity (17) Figure 4A , lower panels). Under these conditions, the efficacy of TG-induced phosphorylation of IFNAR1 on the priming Ser532 was also decreased ( Figure 4A, upper panel) . This result suggests that PERK is required for UPR-induced priming phosphorylation. Consistent with this suggestion, TG-induced phosphorylation of mouse IFNAR1 on Ser523 (analogous to Ser532 in human receptor) was not observed in mouse embryo fibroblasts (MEFs) from PERK knockout animals ( Figure 4B ). Given that PERK plays an important role in UPRinduced ubiquitination and degradation (17) and these events also depend on the priming site of IFNAR1 (Figures 3C-D) , the findings that PERK regulates Ser532 phosphorylation also indicate that this kinase might function upstream of the phosphorylation of the priming site.
Expression of wild type but not catalytically inactive PERK mutant led to a noticeable downregulation of endogenous IFNAR1 ( Figure 4C ) suggesting that kinase activity of PERK is required for ligand-independent IFNAR1 degradation. We next sought to determine whether PERK may serve as a direct kinase for the priming site. Incubation of recombinant active PERK with GST-IFNAR1 and ATP in an in vitro kinase assay similar to one shown in Figure 2D did not yield any phosphorylation of the substrate on Ser532 that would be detectable by by guest on June 29, 2017 http://www.jbc.org/ Downloaded from immunoblotting using anti-pS532 antibody (data not shown). Furthermore, when this reaction was carried out in the presence of radiolabled ATP we could not detect the incorporation of phosphate into GST-IFNAR1 ( Figure 4D) . Having excluded the possibilities that integrity of substrate might be somehow compromised (by analyzing protein load using Coomassie staining and demonstrating that this very substrate was efficiently phosphorylated by the whole cell lysate) or that the kinase was inactive (given efficient autophosphorylation and phosphorylation of contaminants denoted by asterisks on Figure  4D ) we conclude that PERK is not capable of directly phosphorylating IFNAR1. This result together with data from Figure 2D demonstrating induction of a Ser532 kinase in cells treated with TG also suggests that UPR stimulates a PERK-dependent activation of another serine kinase that function as a direct kinase for priming phosphorylation. Alternatively, PERK activity might negatively regulate a hypothetical Ser532 phosphatase.
UPR induced by some viruses including VSV and HCV was shown not only to downregulate IFNAR1 but also to inhibit the extent of IFNα/β signaling, providing these viruses with the means to evade the control from Type I IFN system (17) . We next sought to determine whether phosphorylation of the priming site is important for attenuation of cellular responses to IFN. In line with previously reported data (17) , expression of the HCV genome in human Huh7 hepatoma cells noticeably downregulated the level of endogenous IFNAR1 ( Figure 5A, upper panel) . When loading was normalized to yield comparable amounts of IFNAR1 in the immunoprecipitation reaction, we also observed that HCV induced phosphorylation on both Ser535 and Ser532 ( Figure 5A , lower panel). This result suggests that cells expressing the HCV genome display an increased priming phosphorylation of IFNAR1 that may lead to downregulation of the receptor.
The response of these cells to IFNα was markedly attenuated (17) . We further sought to determine whether this inhibition could be rescued by expression of IFNAR1 deficient in Ser532 phosphorylation. Because of limited transfection efficacy in Huh7 cells, we have co-expressed Flag-tagged Stat1 with Flagtagged IFNAR1 proteins and then analyzed Stat1 phosphorylation and levels in Flag immunoprecipitation reactions. This analysis revealed a decreased phosphorylation of Flag-Stat1 ( Figure 5B ) likely due to a decreased level of IFNAR1 (as shown in Figure 5A ). Co-expression of Flag-IFNAR1 S532A mutant that is insensitive to HCV-induced priming phosphorylation restored the efficacy of IFNα-induced FlagStat1 phosphorylation. However, equal amounts of vector for expression of wild type Flag-IFNAR1 failed to reverse the HCVmediated inhibition, most likely due to the fact that wild type IFNAR1 is susceptible to ligand-independent ubiquitination and degradation (as seen from Figures 3C-D) and, as a result, is expressed at levels markedly lower than that of the priming site phosphorylation-deficient mutant ( Figure 5B , lower panel).
These data indicate that priming phosphorylation of IFNAR1 may regulate IFNα/β signaling. To further explore this possibility we reconstituted MEFs from IFNAR1 knockout mice with either wild type murine IFNAR1 or its priming site Ser523 mutant and compared the ability of murine IFNβ to induce an anti-viral state in these cells. Cells that express the priming site mutant exhibited a noticeably higher innate resistance to VSV infection (as judged from lower levels of expression of VSV-M protein in the absence of exogenous IFNβ ( Figure 5C ). Furthermore, these cells required at least five times a lower dose of exogenous IFNβ than cells expressing wild type receptor to mount a comparable defense against VSV (compare VSV-M levels at dose 50IU/ml in WT cells versus 10IU/ml in S523A in Figure 5C ). These data together indicate that priming phosphorylation of IFNAR1 contributes to the regulation of the cellular responses to Type I IFN.
DISCUSSION
Ligand-independent phosphorylation of Ser535 within the degron of IFNAR1 is a central event in ubiquitination and ensuing downregulation of this receptor chain in response to UPR stimuli including viral infection (17) . Identification of CK1α, a constitutively active enzyme refractory to further stimulation by UPR, as a kinase responsible for this phosphorylation (24) posed a question of how this phosphorylation is induced by UPR. Here we propose that UPR signaling activates a yet unknown kinase activity that phosphorylates IFNAR1 on Ser532, located proximal to the degron. Phosphorylation of Ser532 in turn functions as a priming event that facilitates CK1α-mediated phosphorylation of the IFNAR1 degron followed by IFNAR1 ubiquitination and degradation. In support of this hypothesis, we show that TG treatment of cells induces a Ser532 kinase that is different from CK1α and that cooperates with CK1α in phosphorylating the IFNAR1 degron in a manner that is dependent on the integrity of Ser532 ( Figure 2D) . Our findings further demonstrate that phosphorylation of the priming site indeed occurs in cells where UPR is induced by IFNAR1 overexpression ( Figure  2C ) or treatment of cells with TG or infection with VSV ( Figure 3A) , or expression of the HCV genome ( Figure  5A ). This phosphorylation requires activity of PERK, which by itself is incapable of phosphorylating IFNAR1 ( Figure  4 ), suggesting a function of another kinase in this process. Data shown in Figures 1B and 3C -D suggest that basal and TG-induced ubiquitination and degradation of IFNAR1 depends on the priming site, which is also implicated in the regulation of the extent of cellular responses to IFNα/β ( Figure 5B-C) .
These findings suggest that priming phosphorylation of IFNAR1 plays an important role in IFNAR1 proteolysis stimulated by UPR In addition, data presented here showed that priming Ser532 phosphorylation is not efficiently induced by IFNα ( Figure 3A) and can occur in cells that lack catalytically active Tyk2 ( Figure 3B) . Morever, an IFNAR1 mutant lacking the priming site remained sensitive to IFNα-inducible phosphorylation of the IFNAR1 degron (Figure 2A ). These data further contribute to the characterization of ligand and JAK-dependent and independent pathways ( Figure 5D ). Both pathways converge at the level of phosphorylation of the IFNAR1 degron, which is followed by recruitment of β-Trcp, ubiquitination, endocytosis, and degradation. However, the ligand-inducible pathways requires JAK activity but needs neither CK1α (24) nor the integrity of the priming site (this study). By contrast, the latter site and CK1α activity are crucial for ligand-independent pathways that can be induced by UPR stimuli in the absence of exogenously added IFNα/β, and in cells lacking activity of Tyk2 (15, 17, 24) .
The overall mechanism of utilizing inducible priming phosphorylation for subsequent degron phosphorylation in IFNAR1 is reminiscent of a similar regulation that has been described in other substrates of SCF β-Trcp E3 ubiquitin ligase including β-catenin (38) (39) (40) , Cdc25a (41) (42) (43) (44) , and Gli/Ci (45-48). Priming phosphorylation of a substrate at proximal Ser/Thr residues in the n-3 position has been extensively demonstrated to promote subsequent phosphorylation of this substrate by CK1, sometimes on several consecutive and properly spaced phosphoacceptors (30) (31) (32) (33) (34) (35) (36) (37) . In case of IFNAR1, the priming effect seems to be limited to just one specific site (Ser532). Despite the presence of another putative site (Ser529, seen in IFNAR1 of many species but not in chicken, Figure  1A ), mutation of this site did not affect phosphorylation of the IFNAR1 degron on Ser535 (J.L. and S.Y.F., unpublished data). Another prominent characteristic of priming phosphorylation in IFNAR1 is that this posttranslational modification is inducible and seems to underlie the mechanism by which degron phosphorylation, ubiquitination, and degradation can be promoted by UPR signaling in a PERK-dependent manner.
As PERK itself is not capable of directly phosphorylating IFNAR1, the identity of the priming kinase that acts downstream of to phosphorylate Ser532 in response to UPR ("Kinase Y" in Figure 5D ) remains to be determined. Our previously reported data that CK1α activity is not induced by UPR (24) , and in vitro data presented here ( Figure 2D ) rule out the possibility that CK1α itself may function as the priming kinase. In that sense, IFNAR1 is dissimilar from another substrate of β-Trcp, β-catenin, whose degron is phosphorylated by the glycogen synthase kinase 3β upon priming phosphorylation of distal phospho-acceptors by CK1α (40) . Future studies aimed at identification and characterization of the priming kinase of IFNAR1, are important for designing the means for inhibition of the ligandindependent pathway and, accordingly, preventing the ability of viruses to decrease the therapeutic effects of Type I IFNs. A. Alignment of primary sequences of IFNAR1 from indicated species. The phosphodegron sequences are shaded and serine residues within the degron are underlined. The conserved putative priming site (Ser532 in human IFNAR1) is denoted by an asterisk.
ABBREVIATIONS
B. Degradation of Flag-IFNAR1 (wild type or S532A mutant) overexpressed in 293T cells was analyzed by cycloheximide (CHX, 2 mM) chase for the indicated times followed by immunoblotting using anti-Flag antibody. Levels of β-actin were also analyzed as a loading control. D. 293T cells were untreated (UN) or treated with thapsigargin (TG, 1 µM for 30min) and harvested. Lysates from these cells were twice immunodepleted with antibodies against CK1α and the CK1α-free supernatants (4 µg) were used alone (lanes 2-3) or together with 0.5 µg of bacterially produced recombinant GST-CK1α (lanes 1 and 4-9) for in vitro phosphorylation of GST-IFNAR1 (wild type, lanes 1-6, or S532A mutant, lanes 7-9) in the presence of ATP (except in lane 1) at 30 o C for 30 min as indicated. Phosphorylation of GST-IFNAR1 on Ser532, Ser535, levels of GST-IFNAR1 (using anti-GST antibody) and levels of CK1α were analyzed by immunoblotting. A. HeLa cells transfected with shRNA against PERK or against GFP (shCon) were treated with TG (1 µM for 30 min) and endogenous IFNAR1 proteins were immunopurified and analyzed for phosphorylation on the priming site, and for total levels by immunoblotting using the indicated antibodies. Phosphorylation of a known PERK substrate eIF2α (as well as its total levels) and the levels of PERK itself were also determined in whole cell lysates (WCL).
B. Mouse embryo fibroblasts from wild type or PERK knockout animals were treated with TG as indicated. Levels and priming phosphorylation of endogenous murine IFNAR1 on Ser523 (analogue of human Ser532) was analyzed by immunoblotting using indicated antibodies. Phosphorylation and levels of eIF2α and the levels of PERK in whole cell lysates (WCL) was also determined.
C. Levels of endogenous IFNAR1 in 293T cells transfected with wild type or the catalytically deficient mutant (K618A) of PERK were analyzed by immunoprecipitation followed by immunoblotting using an anti-IFNAR1 antibody. Levels of PERK, phosphorylated PERK, and levels of eIF2α were also examined.
D. Whole cell extracts from 293T cells or recombinant bacterially produced constitutively active ΔN-PERK were incubated alone or with GST-IFNAR1 in the presence of radiolabeled γ-ATP as indicated. Resulting phosphorylation of GST-IFNAR1 or contaminants and autophosphorylation of PERK was determined by SDS-PAGE followed by Coomassie staining and autoradiography. Positions of PERK, GST-IFNAR1, and some irrelevant contaminants (denoted by asterisks) are indicated. Lysates of these cells were immunoprecipitated using anti-Flag antibody and analyzed by immunoblotting using antibodies against phospho-Stat1, total Stat1, and IFNAR1.
C. Mouse embryo fibroblasts from IFNAR1-null animals were reconstituted with murine Flag-IFNAR1 (wild type or S523A mutant, which is a mouse analogue of human S532A mutant). Cells were treated with indicated doses of murine IFNβ for 1 h, incubated for 8 h in fresh medium, and then infected with VSV (MOI 0.1). Expression of VSV-M protein was analyzed 16 h later by immunoblotting. Levels of β-actin were also determined (lower panel).
D. Model for ligand-dependent and ligand-independent ubiquitination and degradation of IFNAR1. Both pathways converge at the level of degron phosphorylation (pS535). Signaling induced by IFN and dependent on the activity of Tyk2 does not require either CK1α (24) or priming phosphorylation (this study). Ligand-independent pathway initiated by inducers of UPR does not need either ligand or Tyk2 activity but requires CK1α (26) and PERK-dependent priming phosphorylation (this study). 
